The establishment of a low-impact development (LID) runoff system is key to the construction of a sponge city, with emphasis on maintaining and protecting natural field hydrological functions through small control facilities with dispersed sources [10, [14] [15] [16] . Germany was the first country to adopt governmental control systems of urban runoff, and runoff management laws and regulations, technology guidance, and economic incentive policies on LID were also established. The runoff management concepts and technology of the United States have generally changed from initial discharge, water quantity control, and water quality control to a LID source control, multi-objective control, and management system with combined pollution prevention and total quantity reduction were generally built [10] . Shenzhen, China, took the lead in introducing the LID concept in 2004. In the past decade, through the building of a LID demonstration area, the promulgation of relevant standards and policies and regulations as well as enhanced basic research and international exchanges in LID, the application of LID in Shenzhen City has achieved initial success [10, 17] .
The abilities to reduce runoff and improve water quality through LID measures have been supported by many scholars from different countries. For example, Dietz and Clausen [18] performed a simulation study on the rainstorm runoff and pollutant concentration under traditional development and LID development modes. This research found that in comparison with the traditional development mode, exercising LID measures largely reduced the runoff volume and pollutant load capacity. Alfredo et al. [19] found that a green roof can put off and extend the discharge of roof surface runoff and reduce the runoff peak value in comparison with a traditional roof. Holman Dodds et al. [20] found that the greatest reduction in runoff quantity can be realized by adopting LID technology when the rainfall return period is relatively short or soil permeability is relatively high. Hood et al. [21] compared the rainfall floods of the low-impact residential development area of Watford, Connecticut, and a traditional residential development area. The LID measures reduced the runoff volume, runoff coefficient, and runoff peak value, and it led to the best reduction effect on runoff when the rainfall intensity was relatively small. Ahiablame et al. [22] used a L-THIA-LID model to simulate the control effect of different LID measures in two highly urbanized watersheds, and it was found that different LID setting scenes could reduce the runoff quantity and pollution load by 2-12%. Lee et al. [23] found that if LID measures were adopted for a large basin, the reduction in the rainstorm runoff peak for a 50-year return period and a 100-year return period could reach 7-15%.
Although the present control effect of LID measures on runoff has been investigated and evaluated for all neighborhoods and laboratories, there are still very few studies that have focused on the control effects of the signal and combined LID measures on a small basin under different rainfall characteristics. Thus, the primary objective of this research is to simulate the control effects on the surface runoff water quantity and quality of a built-up urban area by comparing 7 types of LID land layout scenarios (single and combined measures) with current land layout scenarios under different rainfall characteristics (rainfall return period, rainfall duration, and locations of peak rainfall intensity). This research provides insight into the performance of LID designs under different rainfall characteristics, which is essential for effective sponge city construction.
Material and Methods

Study Area
The study catchment is located in a high-density residential area in the Jiefangxi drainage basin, Jin'an District, Fuzhou City, southeast China, with an area of 75.84 ha (Fig. 1) . The impermeable area accounts for 71.37% of the total area and is primarily composed of roofs, squares, parking lots, roads, and other impervious surfaces; the permeable area accounts for 28.63% of the total area and is primarily composed of community virescence. The average ground level of the study area is 12.58 m, the average slope is 3.72%, the agrotype is primarily loam, and the pavement area of the drainage network is approximately 0.67 ha. The study area is located in the primary urban area known as Fuzhou City, which has low terrain and low latitude and a subtropical oceanic climate. Typhoons land directly on the downtown area twice a year, causing short-duration heavy rainfall, and the mean annual precipitation of the study area is 900-2100 mm. Because of the rapid development of urbanization in recent years, the impermeable area of the study area has clearly increased, and the original design standard for the drainage system is low, with slow updating speed; when the precipitation is 37.602 mm, the study area will experience sewer overflows. Fig. 1 . Geographical information of the study area. Effects of Low-Impact Development...
Hydrological Model
Profile of PCSWMM Model
PCSWMM is the comprehensive commercial software developed by Canada Computational Hydraulics International (CHI) based on EPA SWMM (stormwater management model), and it is widely applied to urban drainage and rainstorm management research. In addition to employing the same kernel program and functions as the SWMM model, the latest and most powerful geographic information system engine is combined and designed in the latest PCSWMM 2015. This system supports the coupling of the 1D/2D model, and the complete pollutant migration and rainfall runoff process can be simulated to provide decision-making advice for regional LID management [24] [25] . The LID control module provided by the PCSWMM model can precisely simulate different types of LID control, such as control over retention, infiltration, and evaporation [24, [26] [27] . At present, the PCSWMM model is widely used to evaluate the traditional drainage system and the rainfall flood management effect of the LID drainage system [28] [29] [30] .
Generalization of Study Area
Based on the application requirements of the PCSWMM model and the actual situation of the study area, and combining information for the current stormwater pipes network in the study area provided by the Fuzhou Planning and Design Institute, the drainage systems in the study area have been divided into 263 manholes, 228 of which were chosen as water outlets of the sub-catchments; there are also 263 stormwater pipes and 18 outfalls. The basin was generalized into 228 sub-streams based the basins classification function in the ArcGIS 10.3 hydrological analysis (the drainage system generalization of the study area is shown in Fig. 2 ). The community located in the northwestern part of the study area is most seriously affected by flood disasters, in which the rainfall intensity ≥4.5 mm/h and waterlogging occurs; therefore, the community has taken as the research objective in this paper the simulation of rainfall flood reduction effects by using LID measures for the total area of 4.4 ha. The community is divided into 12 sub-catchments (S1-S12), 12 manholes, and 11 sewers (Fig. 3) . Fig. 4 shows the land utilization classification for the community. The current land in the whole community is classified into 4 types based on the underlying surface type, namely the road, green space, water, and roofs, with area ratios of 43.08%, 31.29%, 4.08%, and 21.55%, respectively.
Choice of Hydrologic and Hydraulic Parameters
The area, characteristic width, average slope and impermeable ratio of the sub-catchments in the study [24, 27, [31] [32] [33] [34] [35] [36] [37] . This model draws on the parameter calibration method of urban rainfall runoff model raised by Liu [38] and He et al.
[39] to calibrate the primary parameters of the model. In calculating the simulative comprehensive runoff coefficient by using the peak runoff time as the time for the runoff coefficient simulation, the comprehensive flow coefficient was used in the design of the runoff pipe network, and therefore the corresponding rainfall return period is the recurrence interval stipulated by the current drainage standard. Thus, the rainfall return periods chosen for verification were P = 1a, P = 2a, and P = 3a. When the rainfall duration is 2 h, the location of peak rainfall intensity is r = 4 ( Table 1 shows the experience comprehensive runoff coefficient of the catchment area obtained through querying the outdoor drainage design specification [40] and the urban drainage manual [41] ). Table 2 
LID1
Permeable Pavement refers to engineering measures in which impervious pavement are changed into porous pavement through a variety of technical methods to reduce surface runoff directly.
Refit the hard, impervious pavement of all sub-catchment areas in the community into porous pavement.
LID2
Vegetative Swales refer to the landscape surface ditch drainage system with a dual runoff control function. In addition to reducing peak rainfall runoff discharge through storage, it can also remove most suspended solids in rainfall runoff.
Refit common greenbelt of all subcatchment areas in the community into vegetative swale.
LID3
Green roof is a multi-layered system primarily composed of multilayer materials such as vegetation layer, soil layer, drainage layer, waterproof layer, etc. Through the storage of medium and through plant evaporation to achieve the retention of runoff, thereby reducing the surface runoff, cutting down on peak discharge and further improving runoff quality.
Refit roofs of all sub-catchment areas in the community into green roofs. parameter values. The runoff coefficient simulation values of three precipitation processes are 0.65, 0.70, and 0.73, meeting the requirements for a comprehensive runoff coefficient (the comprehensive runoff coefficient in a dense building center area is 0.6~0.8); therefore, the calibration parameter set has a relatively good adaptive capacity within this research and can be used for the simulation analysis of the area. This research on the rainfall infiltration process adopts the Horton equation to make simulations. The Horton model primarily describes the relationships of the infiltration rate with the change in rainfall time, adapting to the scenario of a small drainage basin with a few undetermined parameters. The runoffyield model for overland runoff is divided into 3 areas, i.e., the impervious surface area with the depression storage quantity, the impervious surface area without a depression storage quantity, and the permeable surface area to make separate calculations. Calculating the confluence of overland runoff involves the adoption of a nonlinear reservoir model, and the hydraulic model for simulating the flow routing of a drainage system adopts the dynamic wave model [26] [27] .
LID Parameter Setting
This paper analyzed 8 different land layout scenarios that make up the current land layout scenario (without adopting any LID measures) and 7 LID layout scenarios in Table 3 . Each LID land layout scenario will be used in the following research to analyze the control effect of different LID measures on the runoff water quantity and quality under different rainfall characteristics (Tab.3). The parameter settings of different LID measures primarily refer to the recommended value in the PCSWMM user's manual and reference value given by the relevant scholars [33-34, 36, 42-49] . See Table 4 for details of LID parameter settings.
Water Quality Parameter Settings
Suspended solids (SS) are common pollutants with high concentration in urban runoff. Therefore, this paper used SS as a research focus, using PCSWMM pollutant modules and land use modules, pollutant accumulation modules, and pollutant washoff modules to perform an SS pollution load simulation of rainfall runoff in the northwest community. The influences of different land use situations on the pollutants accumulation and washoff are taken into consideration, with domestic and overseas-relevant research sources [35, [50] [51] , a saturation function model is adopted to simulate the accumulation process of the surface pollutants in this paper. This model can simulate the accumulation of surface pollutants well, and the parameters that must be input include the maximum accumulation and halfsaturation constant (half-saturation accumulation time). A washoff model for earth's sub-catchment pollutants will involve an exponential function model, and it can be more objective to show the change of the pollutant's scour with the change of rainfall duration. When using the washoff model, the model parameters must be input, including the washing coefficient, washing index, and cleaning removal rate. On the basis of the actual status of the study area and the combination of research results of similar areas and pertinent literature [50, [52] [53] [54] , the water quality parameters of this study area have been determined and are shown in Table 5 . The removal rates of vegetative swale, rain gardens, permeable pavement, and green roofs in this research on the SS load of runoff are 60%, 80%, 90%, and 80%, respectively. On the basis of the actual status of the study area, the street cleaning intervals in the model are determined as 1 day, and the cleaning removal efficiency of surface accumulation pollutants is 70%. The simulated early drought days are 7, assuming that the SS contained in the runoff is at 10 mg/l [53] [54] [55] .
Design Storms
In this study, the effects of LID on rainfall runoff were stimulated under various types of storm events. The storm events can be designed according to the relationship of rainfall intensity-duration-frequency in Fuzhou [56] , which is described as below: 
…where q is the mean rainfall intensity within time t, L/(s·ha); t is the rainfall duration, in min; and P is the rainfall return period, a. The Chicago precipitation process line model (CHM method) was adopted to create Rainfall return periods P = 0.5 a P = 1 a P = 2 a P = 5 a P = 10 a P = 20 a P = 50 a p = 100 a Simulated time (h) 4 the rainfall scenario [41, 57] . Design storms are derived according the rainfall intensity-duration-frequency equation and time-to-peak ratio r (where 0 < r < 1), which is defined as the ratio of the time before the peak intensity to the total duration. The variable r describes the location of peak rainfall intensity: the bigger the r value, the further the peak intensity from rainfall starting time.
Three groups of storms were designed in the research. Group I: the storm events have different return periods (0.5-, 1-, 2-, 5-, 10-, 20-, 50-, and 100-year), and the corresponding total rainfall amounts range from 37.60 to 131.21 mm. They all have the same rainfall duration (2 h) and location of peak rainfall intensity (r = 0.4) ( Table 6 ). Group II: the storm events have different rainfall durations (1-,1.5-, 2-, 2.5-, 3-, and 3.5-hour). They have the same rainfall amount (90.53 mm) and location of peak intensity (r = 0.4) ( Table 7 ). Group III: the storm events have different time-to-peak ratio r (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9), and they have the same rainfall return period (10 year) and rainfall duration (2 h) ( Table 8 ). The aims of Group I, Group II, and Group III are to investigate how the effect of LID designs in terms of urban rainwater runoff is affected by rainfall return period, rainfall duration, and location of peak intensity, respectively.
Results and Discussion
Rainfall flood simulation of the study area under the current land layout scenario Rainfall runoff in the base case scenario is simulated under a different rainfall return period. The simulation results indicate that: (1) With the increase in the rainfall return period, the runoff volume and infiltration capacity in the study area increased accordingly, the impermeable area of the study area is relatively large result in the detention storage capacity for runoff is small; (2) With the increase of precipitation, the surface storage quantity is relatively small, primarily because the retention effect of hard ground is poor; and (3) The runoff coefficient increases with the rainfall return period, which explains that under almost no change in the final storage quantity in the sub-catchment, with increasing precipitation, the increase in runoff volume is far greater than the increased quantity of infiltration (Fig. 5) .
The northwest community in the study area (Fig. 3) is the most affected, when P = 0.5 a waterlogging nodes start to appear, and when P = 100 a the waterlogging nodes cover 75% of the manhole quantity of the community. Therefore, this paper will further study the rainfall flood situation of the northwest community under different LID layout scenarios.
Effects of Different Rainfall Return Periods
The effect of LID layout scenarios on runoff and SS is analyzed by comparing the base case with various LID layout scenarios. And the effect can be measured by runoff and SS reduction, which is defined as the difference in total runoff volume and SS load of overland runoff during a storm event between the base case and a LID layout scenario. The effect in Group I storm events with different rainfall return periods is first stimulated, and results obtained are shown in Figs 6-9 .
About the runoff volume reduction, the results indicate that: (1) In the single LID layout scenario, the permeable pavement has a strong controlling effect on the total runoff volume for its high detention storage capacity and the largest layout area in the northwest community. A green roof has relatively poor reduction effects on runoff because the layout area is small. The reduction effect of vegetative swale on runoff is worst in the single LID scenarios, because the detention storage capacity is relatively small. (2) Simulated time (h) 4 Table 8 . Rainfall scenario of different locations of peak rainfall intensity. LID layout scenarios, the control effect of the LID23 is worse than LID1 measure caused by the detention storage capacity of the green roof and the vegetative swale are not as high as that of permeable pavement. (3) When the rainfall intensity exceeds a certain range, the control effect of all LID layout scenarios on the rainfall runoff will gradually decrease. This trend is primarily explained because with the increase in precipitation, the increase of runoff volume is much larger than that of LID water storage capacity. The vegetative swale, permeable pavement, and green roof have a certain detention storage capacity; when the precipitation exceeds its detention storage capacity, the water will overflow and become runoff. In addition, the high rainfall intensity will cause time contraction of runoff concentration, and even produce runoff when infiltration and retention do not reach saturation. Therefore, the control effects of LID on rainfall runoff have a certain scope, which will be more obvious at the time of a low-rainfall return period.
About the SS load reduction, the results indicate that: (1) The amplification of the runoff SS loads of LID2, LID3, and LID23 LID layout scenarios in this research are relatively high during the low rainfall return period. This finding is primarily explained because the surface runoff of these LID layout scenarios is relatively large, and the washed out quantity of surface pollutants is relatively high when precipitation is relatively small. (2) After laying LID measures, the SS load in runoff clearly decreases. The reduction effect of the LID123 measure on SS loads is the best, with the reduction rate reaching over 97%; the reduction effect of the LID2 measure is the worst, with reduction rates of 17-31%. The layout area of the green roof is smaller than the area of the vegetative swale; however, the reduction effect on overland runoff SS is better than that of the vegetative swale, which is primarily because the removal rate of green roofs on overland runoff SS is stronger than that of the vegetative swale. (3) When the precipitation is low, the LID control measure has a better control effect on runoff SS, which indicates that LID measures have a certain range for the control of overland runoff pollutants.
Effects of Different Rainfall Durations
The effects of LID layout scenarios on reduction of runoff and SS under Group II storm events with different rainfall durations are shown in Figs 10-13 .
About the runoff volume reduction, the results indicate that: (1) The reduction effect on the surface runoff is obvious, with the increase in rainfall duration after LID measures set by the research community. After taking LID measures, all LID layout scenarios have a certain reduction effect on the surface runoff for different rainfall durations. The reduction effect of the LID123 measure is the best in the LID combined measures. The reduction effect of the permeable pavement is the best in the LID single measures. (2) The LID measures have a relatively obvious reduction effect under a long rainfall duration, and the control effect of the LID combined measure on the total runoff volume is better than that of the single LID measure in the combination, it is the optimal choice to meet the need only to control the total runoff volume.
About the SS load reduction, the results indicate that: (1) The rainfall intensity decreases with the increased rainfall duration, which reduced the washing degree of overland runoff on pollutants; and the more pollutants held back by LID measures, the more the SS load of rainfall runoff in the study area is reduced. (2) The LID123 layout scenario has the best effect on the SS load of the runoff with its reduction rate over 98%, when the rainfall duration is relatively long and the SS load in the runoff is approximately zero. The reduction effects of LID12 and LID13 layout scenarios were in second place, with reduction rates between 89% and 95%; the vegetative swale had the worst reduction effect at approximately 17%. Different LID layout scenarios have better reduction effects over long rainfall durations. 
Effects of Different Locations of Peak
Rainfall Intensity
The effects of LID layout scenarios on reduction of runoff and SS in under the Group III storm events with different locations of peak rainfall intensity (r) are shown in Figs 14-17 .
About the runoff volume reduction, the results indicate that: (1) The surface runoff tends to increase first and then decrease but without a large difference. (2) In this research, the changes in locations of peak rainfall intensity have almost no influence on the total surface runoff volume in LID layout community, and the runoff reduction effect of all the LID layout scenarios is not affected. This finding occurs because when the rain peak changes, the rainfall intensity remains almost unchanged, and the total precipitation and peak rainfall remain almost unchanged; the peak position then does not have a decisive effect on overland runoff. (3) Under the rainfall conditions of different locations of peak rainfall intensity, the LID123 layout scenario has the best reduction effect on the runoff volume with a reduction rate of approximately 89%; the LID12 and LID13 layout scenarios take second place, with the reduction rate at approximately 80%. The reduction effect of the green roof is the worst, with a reduction rate of approximately 26%.
About the SS load reduction, the results indicate that: (1) As in the change trend for surface runoff under different locations of peak rainfall intensity, the SS loads in runoff in the community area under different land layout scenarios tend to increase first and then decrease. The change of locations of peak rainfall intensity may cause the pollutants that are washed of the surfaces to increase at an earlier stage in the rain peak, and the pollutants that are held back on the surface are decreased during the later period and finally lead the pollutant load in the runoff to increase. (2) If the locations of peak rainfall intensity are set too back, then the runoff from the earlier stage has been discharged for the most part and the runoff volume that accumulated on the surface is reduced. When the rain peak comes, the overland runoff is relatively low and the washing capacity of the runoff on pollutants is relatively weak. In addition, the washing time of the rain peak on the surface is shortened, and the pollution load in the runoff will be reduced. (3) However, the variation amplitude of SS loads in the runoff of different rainfall patterns is relatively small, and the influence of peak rain positions on the reduction effect of different LID layout scenarios in terms of pollutant loans is not large. This is explained by the fact that the changes in locations of peak rainfall intensity do not change the rainfall intensity, the total precipitation, and the rainfall peak remains unchanged; there is not an apparent change to the total washed-off quantity of SS by rainfall runoff in the research community.
Conclusions
Our paper analyzed the impacts of LID on urban rainfall runoff in a high-density residential catchment in China, where various LID layout scenarios are considered in combination with a conventional drainage system for stormwater management. The main results obtained are summarized below.
Different LID layout scenarios have certain control effects on the output of overland runoff and SS load capacity in runoff under different rainfall characteristics. In a single LID layout scenario, permeable pavement has the most impact on runoff and SS load under different rainfall characteristics, which is explained by the largest layout area (44.6%), and it has the most effective storage capacity (450 mm). A green roof has a better control effect on the runoff SS load capacity but a worse control effect on runoff than vegetative swale. In the combined scenario, the control effect of the LID123 layout scenario is the best in the LID combined measures. The LID13 layout scenario has a better reduction effect on the overland runoff water quantity and quality than the LID12 layout scenario when the rainfall return period is relatively low (P≤10 a), but a worse reduction effect than that of the LID12 layout scenario when the rainfall intensity is relatively high, which means that the LID13 layout scenario is more sensitive to rainfall intensity than the LID12 layout scenario. Different LID layout scenarios have better reduction effects on the surface runoff volume and SS loan capacity during smaller rainfall return periods and longer rainfall duration storms, and the influence of changes on rain peaks position on the reduction effect is not significance. We would consider more the reduction effect of LID layout scenario on the total runoff volume to relieve rainfall flood disasters. In addition, there are limitations in the underlying surface type of the community.
This research shows that the green infrastructure of LID has very good prospects for solving urban rainfall flood issues, but the reduction effects of combined green and grey infrastructures has not been discussed. The relevant studies show that a green-grey infrastructure has an optimal effect on the reduction of rainfall floods. Although LID measures have been developed rapidly in China, they are not cohesive with current municipal facilities. Many LID projects in built-up areas place too much emphasis on the reduction and control of the drainage volume and peak flow within the development area, and their joining with municipal sewers that have been established is neglected, which cause the original field storm sewer to not be fully used. In future research, the combination of grey and green infrastructure will be enhanced, and LID measures will be combined with the local available runoff control measures more systematically and organically to engage in the sustainable development of the area. LID measures should be combined with the local realities more rationally to make full use of space and fields for optimal control effects. The emphasis will generally be placed on a combination with large-scale layout such as urban planning, landscape planning, and more to coordinate all the technical measures from the macro-perspective and bring the comprehensive benefits of all the engineering techniques into full play.
